Distributions of immunoreactive interleukin-1 (IL-1) and lipopolysaccharide (LPS) were studied in the tissues of rats after intravenous injection of purified LPS or live Escherichia coli bacteria. IL-1 staining in the spleen peaked at 4-8 h, colocalized with LPS in marginal zone macrophages, and was undetectable 24 h after injection, whereas LPS staining peaked at 24 h and was detectable for 4 weeks. The tissue IL-1 response was similar for LPS and live bacteria. Thus, tissue IL-1 is downregulated within hours despite maintenance of LPS in the same cells for weeks. Macrophages in liver and lung had only slight IL-1 staining despite intense staining for LPS. Tissue IL-1 production appears to be differentially regulated after gram-negative bacteremia; LPS cleared by liver and lung macrophages elicit minimal IL-1, whereas there is high local IL-1 production in the marginal zone of the spleen that may increase immune responses to bacterial wall antigens.
Interleukin-1 (IL-1) is important in mediating both host deWe previously utilized laser confocal microscopy and immunofluorescence staining techniques to compare the tissue localfense and the inflammatory response [1, 2] . Because bacterial endotoxin (lipopolysaccharide, LPS) and other bacterial wall ization of LPS in the liver, spleen, and lungs of rats at different times after endotoxemia or bacteremia [12] . We found that molecules are potent stimuli for IL-1, considerable work has there are large differences in the cellular localization of LPS been done over the last decade to explore the potential role of depending on the form of LPS that was injected. A surprising IL-1 in the pathophysiology of sepsis. Injection of IL-1 into finding was that LPS was consistently detected in spleen and humans produces physiologic responses that are similar to those liver macrophages of rats for 4 weeks after a single injection in patients with septic shock or human volunteers injected with of purified LPS or bacteria. This system provided the opportu-LPS, and IL-1 acts synergistically with tumor necrosis factornity to study the kinetics and cellular localization of IL-1 in a to induce leukopenia, hypotension, severe tissue damage, tissues in relationship to LPS in the same tissues. and death in experimental animal models [3, 4] .
We compared the cellular localization of immunostaining Much of the biologic activity of IL-1 is probably manifest for IL-1a and IL-1b to that of LPS in the spleen, liver, and locally in areas of inflammation in tissues, rather than in the lung of rats over time after a single injection of LPS or bacteria. bloodstream or at distant sites. IL-1a and IL-1b are present in Colocalization of IL-1 with LPS or ED1 (a macrophage marker large amounts intracellularly [5, 6] , where they are present as [13] ) enabled us to examine the colocalization of IL-1 with pro-IL-1a and pro-IL-1b. They are then cleaved to 17-kDa antigenic LPS and the associated cell population. fragments which are either exported to the cell surface or excreted [7] [8] [9] . Membrane-bound IL-1 has been proposed to modulate localized cell functions via cell-to-cell interactions Materials and Methods [10, 11] . Although endotoxin and gram-negative bacteria are potent inducers of IL-1 in vitro, the relationship between Administration of LPS and bacteria. Sixty-six adult male rats IL-1 and LPS or bacteria in tissues after endotoxemia or bacter-(Sprague-Dawley; Charles River Laboratory, Wilmington, MA) emia has not been studied.
weighing 175-200 g were used in this study. For groups receiving purified LPS, 500 mg of LPS (2.5 mg of LPS/g of body weight) that had been purified from Escherichia coli O111:B4 (List Biological Laboratory, Campbell, CA) using the hot phenol method described by Westphal and Jann [14] was injected in 1 mL of 0.9% NaCl 3 rats were used for each point, ranging from 1 h to 28 days after Pharmacia) to which E. coli O111:B4 LPS had been coupled. Control slides were incubated with normal mouse or rabbit IgG injection of LPS or E. coli O111:B4, as well as for 2 control groups at 4 and 24 h after injection of 0.9% NaCl.
(or both) at the same concentrations. After incubation in primary antibodies, the slides were washed in PBS (three changes, 15 min Antibodies. Recombinant rat IL-1a and IL-b (rRIL-1a and rRIL-1b) were cloned and expressed in the same manner as rabbit each) and incubated for 1 h with rhodamine-conjugated donkey anti-mouse IgG, fluorescein-conjugated donkey anti-rabbit IgG, or IL-1a and IL-1b [15] and are the mature portions of the proteins (gifts of A. Shaw, Glaxo, Geneva). Polyclonal rabbit antibodies both (both diluted 1:200). All antibodies were diluted in blocking solution. After being stained with secondary antibody, slides were to rat IL-1a or IL-1b were prepared by immunizing New Zealand White rabbits with 100 mg of rRIL-1a or rRIL-1b in Hunter's washed in PBS overnight, and a drop of 1% n-propyl gallate (used to reduce photobleaching of fluorescence; Sigma, St. Louis) in an Titermax (Cytrx, Norcross, GA). The rabbits were boosted with 50 mg of rRIL-1a or rRIL-1b in Titermax at 4 and 8 weeks and 8:2 mixture of glycerol and PBS (pH 8.5) was added to each section before a coverslip was applied and the edges sealed with 25 mg at 12 and 16 weeks. Sera from immunized rabbits were purified by chromatography (Affi-gel blue; Bio-Rad Laboratories, nail polish. Evaluation by microscopy. All samples were examined by Richmond, CA) as described by the manufacturer. Specificity of the rabbit polyclonal anti-rat IL-1a and IL-1b were demonstrated confocal imaging (BioRad MRC 600; Bio-Rad Laboratories) with 120, 140, and 1100 Zeiss Plan-Neofluar objectives. The degree by multiple testing against other cytokines as well as recombinant human and murine IL-1a or IL-1b by Western blotting. There of positive staining was described as gradations from negative (no staining above background) to very high (large numbers of inwas no cross-reactivity with these cytokines. Western blot analysis of homogenized lung and spleen from rats injected with LPS (1 tensely stained cells). Two sections of spleen, liver, or lung from each of the 3 rats in each group, designated for each experimental mg/kg, E. coli O55:B5) showed 90% binding to the mature proteins and 10% to the pro-IL-1 forms.
condition, were stained. The results presented for each group are representative of all 3 rats in the group. A murine IgG2a monoclonal antibody specific for the O-polysaccharide of E. coli O111:B4 LPS (gift of M. Pollack, Uniformed Health Sciences University, Bethesda, MD) was purified from mouse ascites. Polyclonal rabbit antibodies to LPS were purified rats were anesthetized with ether, after which the spleen, liver, None of these tissues had more than low background fluoresand lungs were removed. The spleen and liver were cut into small cence. in the liver and spleen over the entire 28-day study period after
The livers of rats injected with LPS or bacteria had low levels of staining for IL-1a and IL-1b (table 2, figure 3), in injection of LPS or bacteria.
Distribution and cellular localization of IL-1 and relationcontrast to the large amount of LPS staining in this organ [12] . A few weakly staining IL-1a-positive cells were observed at ship to tissue LPS. One hour after injection of bacteria, only a few cells in the spleen red pulp had very weak staining for 1 h, and there was only minimal staining from 4 to 8 h after injection of LPS or bacteria. Only a few cells stained for IL-1a and IL-1b (table 1, figure 1 ). Both the number of positive cells and the fluorescence intensity increased dramatically at 4
IL-1b at 4 h, with much lower intensity than IL-1a. There was no staining in the liver for either IL-1a or IL-1b at 24 h and h. Staining for both IL-1a and IL-1b were localized mainly in the marginal zone of the red pulp, whereas the white pulp had later time points. The cells that stained for IL-1 in the liver were exclusively Kupffer cells or a few circulating monocytes very few IL-1-positive cells. At 8 h, IL-1 staining in the red pulp had decreased, while a ring of brightly stained cells surthat also contained LPS or bacteria in the cytoplasm. Although hepatocytes in rats injected with purified LPS stained strongly rounded the white pulp in the marginal zone. Although a majority of the IL-1-staining cells also stained with the anti-LPS for LPS [12] , the hepatocytes did not stain for IL-1. IL-1b-positive cells were detected in the lung at 1 h and antibody, only a minority of cells outside the marginal zone that stained positive for LPS also stained for IL-1. By 24 h, had a low to moderate staining intensity at 4-8 h after injection of LPS or bacteria (table 3, figure 3 ). In contrast, IL-1a staining IL-1 staining had dramatically decreased, and by 48 h, both IL-1a and IL-1b staining were undetectable. Most of the ILappeared in the lung with low intensity at 4 h. Staining for IL-1a and IL-1b were decreased at 24 h and were only slightly 1-positive cells in the red pulp were identified as macrophages by their morphology (large extended shape with a single nudetectable 48 h after injection. Although rats injected with live bacteria had less LPS staining in the lung, the level of IL-1 cleus) and by staining with antibody to ED1 [13] (data not shown) and contained intact or fragmented bacteria that stained staining was the same as observed for rats injected with purified LPS. At 1-4 h after injection of LPS or bacteria, most of with LPS antibodies. In these IL-1-positive cells, both IL-1a and IL-1b were localized in the cytoplasm; however, IL-1a the IL-1-positive cells were localized in the capillaries in the alveolar septa, suggesting they were circulating cells. IL-1-stained more intensely in the nuclei. In marked contrast to IL-1 staining, LPS was detected at 1 h, and the staining fluorescence positive cells were detected in the lung parenchyma at later time points (4-8 h) and included macrophages in the pulmocontinuously increased in the red pulp to a maximum intensity at 24 h. The intensity of LPS staining gradually decreased from nary interstitium, peribronchial areas, alveoli, and bronchial lumen. These cells stained more intensely with anti-IL-1 anti-24 h to 1 week. By 2 weeks there were low but still detectable quantities of LPS that persisted until 4 weeks, when the study bodies than cells in the capillaries. In rats injected with LPS or bacteria, only half of the IL-1-positive cells also stained was terminated. A similar staining pattern and time course of IL-1 in the spleen was induced by injection of either purified for LPS. LPS or live bacteria (figures 1, 2), although more intensive Discussion IL-1 staining was observed in the group of rats injected with bacteria. Staining of IL-1a was generally more intense than IL-1 is a proinflammatory mediator that is believed to induce a wide range of pathophysiologic changes in patients with gramthat of IL-1b in each rat. A, C, E, G), IL-1b (green staining in B, D, F, H) , and LPS (red staining) in rat spleen at 1 h (A, B), 4 h (C, D), 8 h (E, F) , and 24 h (G, H) after injection of 500 mg of LPS. Each panel is oriented with white pulp at top right, red pulp at bottom left. Ring of bright staining for IL-1 was present in marginal zone of red pulp at 4 and 8 h. IL-1 staining was diminished at 24 h, when LPS staining peaked. Both IL-1a and IL-1b were localized in cytoplasm, but IL-1a showed more intense staining in nuclei. Bar Å 23 mm. negative sepsis [1, 16] . Most of our knowledge concerning the after injection of purified LPS. Our data indicate that IL-1 production by macrophages varies from organ to organ in reinduction of IL-1 in response to LPS or gram-negative bacteria comes from studies performed either in vitro or in fluids obtained sponse to systemic administration of LPS [17] or bacteria and that Kupffer cells are well adapted to clear bacterial-wall prodfrom animal models or patients with sepsis, whereas the major site of action of IL-1 is probably at the tissue and cell level.
ucts from the circulation while inducing only a modest IL-1 response. Our findings confirm the assumption that the majority of IL-1 is produced mainly in tissue macrophages within 1-4 h after We found that the tissue IL-1 response to LPS was quite similar whether the rats received an injection of chemically endotoxemia or bacteremia and indicate that the same cells that phagocytose LPS or bacteria produce IL-1.
purified LPS or live bacteria. This finding is comforting, considering the large number of studies relating to IL-1 that have A major finding of our study was that among the organs evaluated, the spleen had a very large production of both been performed in vitro or in animal models with micelles of chemically purified LPS that have little resemblance to bacteria. IL-1a and IL-1b. This finding is consistent with the results of Clark et al. [17] , who used an RIA to measure IL-1a and IL-
The similarity of the IL-1 response to purified LPS and bacteria, despite different tissue distributions of each [12] , may be ex1b in rabbit tissues following endotoxin injection [17] . Both IL-1a and IL-1b were located in the cytoplasm, but IL-1a plained by the fact that the major discrepancies between the tissue localizations of LPS-and bacteria-associated LPS occur showed more intense staining in the nuclei. Nuclear localization of pro-IL-1a has been reported for human endothelial cells, in the liver, whereas the major production of IL-1 is in the spleen, where the distribution of the two forms of LPS are keratinocytes, and fibroblasts and may be important in regulating cell proliferation [18, 19] . We found that both IL-1 and similar [12] . A striking finding was the dichotomy between the early and antigenic LPS were almost exclusively colocalized in the red pulp of spleen, especially in the marginal zone, where the relatively short duration of IL-1 in tissues 4-8 h after injection of LPS or bacteria and the persistence of LPS in the same cells macrophage population is predominant. Given the adjuvant properties of IL-1 [20] [21] [22] [23] , the colocalization of bacterial wall and tissues for up to 4 weeks. Indeed LPS was still accumulating in the same cells that produced IL-1 at 24 h when IL-1 products and IL-1 expression in the marginal zone, but not elsewhere, may provide a means of ensuring an appropriate was no longer detectable. Our studies did not address the mechanisms responsible for decreased expression of IL-1. One possiimmune response to these antigens while minimizing inflammation in tissues not relevant to the immune response. bility is that the internalized LPS and bacterial fragments are degraded, so they can no longer activate the cells. Partial degraWe found that macrophages in the spleen produced considerably more IL-1 than Kupffer cells in the liver, even though dation of LPS has been reported in neutrophils [27-29], macrophages [30, 31] , and hepatocytes [32] , although the remaining Kupffer cells contained roughly equivalent quantities of antigenic LPS in the liver as in the spleen (tables 1, 2 [12] ). Many structure of LPS retains some biologic activity. Freudenberg and Galanos [33] reported that LPS that was reisolated from previous studies reporting LPS-induced IL-1 from Kupffer cells were performed in vitro [24, 25] . Our results are consistent the livers of rats 3 days after intravenous injection expressed full endotoxic properties, including pyrogenicity, lethal toxicwith those of Chensue et al. [26] , who reported that IL-1 was produced in a burst in the Kupffer cells of mice several hours ity, local Shwartzman reaction, and limulus amebocyte lysate gelation. Furthermore, Duncan and Morrison [30] reported that fixed macrophages of the liver and spleen despite approximately equivalent amounts of detectable LPS, (3) tissue IL-1 murine macrophages phagocytosed E. coli and released modified, but biologically active LPS [30] . It therefore seems unis down-regulated in vivo within hours despite the maintenance of LPS within the same cells for weeks afterward, and (4) the likely that degradation or chemical detoxification is responsible for the entire effect. It is possible that the LPS and bacterial spleen is a major source of IL-1. It would be advantageous to the host to minimize secondary hepatic IL-1 production in order fragments are simply sequestered in the macrophages and are therefore unable to stimulate the cell. A final and likely possito minimize local hepatic or systemic inflammation. In contrast, IL-1 production in the marginal zone of the spleen may play bility is that the pathway of IL-1 stimulation and production is down-regulated after stimulation with LPS. Down-regulation a role in the immune response to bacterial products. of biologic responses to LPS in vivo [34] [35] [36] , at the cell level
